Abstract-We present a method to calculate the effective center wavelength for heterodyne interferometry of optical frequency combs, and verify this method by numerical simulation and experiments.
I. INTRODUCTION
An optical frequency comb (OFC) emits evenly spaced ultra-short pulse train with a broad spectrum consisting of discrete, uniform mode-spacing narrow lines [1] . The absolute frequency of each mode can be expressed as f(n) = nfrep + fceo, where frep stands for the repetition rate, fceo stands for the carrier-envelope-offset frequency, and n is the mode order. When frep and fceo are stabilized referencing to a frequency standard, OFC becomes an ultra-precise ruler in space, time and frequency domain.
In the past decade, numerous methods based on OFC have been proposed to measure absolute distance with high precision. In order to suppress the effect of intensity noise, heterodyne interferometry has been introduced into OFC distance measurement system [2] [3] . The OFC heterodyne interferometry has excellent demonstrations in temporal coherence interferometry [2] , two-color correction of the refractive index of air [3] .
In a traditional laser heterodyne interferometer, the accuracy of the wavelength is very important for the distance measurement. However, in an OFC heterodyne interferometer, the light source has a wide optical spectrum. Moreover, the optical spectra of the beams in the two arms of interferometer can be different [1] .
In order to resolve the problem, we introduced a method for calculating the effective center wavelength of the OFC heterodyne interference signal in a Michelson interferometer.
II. PRINCIPLE Figure 1 shows the schematic of the OFC heterodyne Michelson interferometer. The repetition rate of the OFC is 75 MHz, and the corresponding optical distance between adjacent pulses is lpp = 4 m. The pulses from OFC are introduced to a balanced Michelson interferometer, i.e., the optical path lengths of the two arms are set to be equal. In the reference arm, the beam is diffracted twice by an acousto-optic modulator (AOM). In the probe arm, the beam is reflected back by a target mirror (M2). We use a commercial heterodyne interferometer to monitor the displacement (D) of M2. The beam of the commercial interferometer overlaps with the beam of OFC at a dichroic mirror (DM). The heterodyne interference signal is detected by a photodetector (PD). In order to calculate the effective center wavelength of heterodyne interference signal, we set up a theoretical model of the experimental system. The signals in the probe arm and the reference arm can be expressed as (in vacuum)
and
where m rep ceo f mf f = + is the absolute frequency of the m th mode of the OFC, Δf in equation (2) is the frequency shift introduced by the AOM, d1 is the length of the probe arm, d2 is that of the reference arm, c is the speed of light in vacuum, and A1, A2 is the amplitude of each mode.
The interference signal after a low-pass filter can be calculated by
Assume the optical spectrum of the beam of probe arm is P1(f), that of the reference arm is P2(f), the effective center frequency can be calculated by The corresponding center wavelength can be calculated according to fc.
III. SIMULATIOIN OF THIS METHOD
According to the principle described above, we built a numerical method to generate the interference signal. In the simulation model, the general parameters are the same as those of our experimental system, i.e., the repetition rate of the laser is 75MHz, the center wavelength and the bandwidth of probe spectrum are 1570nm and 7nm, and those of the reference spectrum are 1565nm and 20nm. The interference signal in the frequency domain is shown in Figure 2 . In the simulation, we have simulated 100 steps, 0.15μm per step. For each step, we can get a corresponding phase, and the phase was unwrapped. According to the equation λ=2π·D/Δφ, we can get 100 center wavelength based on the 100 steps, and the average value is compared with the center wavelength λc calculated from equation (4). The relative error between the average measured center wavelength and the calculated center wavelength is 3.8×10 -6 .
IV. EXPERIMENTS
In order to verify the result by the simulation model, we employed a balanced Michelson interferometer which is shown in figure 1 . The mirror in the probe arm is placed on a moving stage (Physik Instrumente, p-221). The spectral width of the laser is about 60nm, and the center wavelength of the spectrum is 1560nm. We used a 7nm bandwidth band-pass-filter (BPF) in the probe arm to widen the interference range.
The optical spectrum of the probe beam and the reference beam were measured by a spectrum analyzer (Yokogawa Inc., AQ6370C). The center wavelength of the heterodyne interference signal is calculated to be 1568.32 nm by the method mentioned above. During the experiment, the target mirror M2 was moved by five steps at an increment of 20μm. Each step is measured by a commercial heterodyne interferometer. The fitting result of the experimental data is shown in figure 3 , and the fitting residuals are also shown. From the fitting result, the efficient center wavelength in the heterodyne interferometry is 1568.40nm, which is very close to the calculated wavelength. 
V. CONCLUSION
We proposed a method to determine the center wavelength of the heterodyne interferometry and verified it by simulation and experiment. In the simulation, the relative error between the center wavelength from the spectrum and that from the interferometric phase is 1.15×10 -6 . In the experiment, the relative error is 9×10 -5 . The wavelength accuracy is enough for the heterodyne interferometry of optical frequency combs.
